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Method and apparatus for measurements of patterned structures 



(57) A method tar measuring at least one desired 
parameter of a patterned structure (10) having a plural- 
ity of features defined by a certain process of its manu- 
facturing. The structure represents a grid having at least 
one cycle (12) formed of at least too localy adjacent 
elements (12a, 12b) having drfferent optical properties 
in respect of an incident racfiation. An optical model, 
based on at least some of the features of the structure 
is provided. The model is capable of deterrrfning theo- 
retical data (DJ representative of photometric intensities 
of fight components of drfferent wavetengths specularly 
reflected from the structure and of calculating said at 
least one desired parameter of the structural A meas- 
urement area, which is substantial larger than a sur- 

14, 



face area of the structure defined by the grid cycle, is 
illuminated by an 'rodent radiation of a preset substan- 
tially wide wavelength range. Light component substan- 
tially specularty reflected from the measurement area is 
detected and measured data (DJ representative of 
photometric intensities of each wavelength within the 
wavelength range is obtained. The measured and theo- 
retical data are analyzed and the optical model is opti- 
mized untfl the theoretical data satisfies a 
predetermined concitioa Upon detecting that the pre- 
determined condrtion is satisfied, said at least one 
parameter of the structure is calculated. 
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Description 

FIELD OF TOE INVENTION 

5 [0001] This invention is in the field of measurement techniques and relates to a method and a system for measuring 
the parameters of patterned structures. 

BACKGROUND OF THE INVENTION 

10 [0002] Techniques for thickness measurements of patterned structures have been developed. The term ''patterned 
structure" used herein, signifies a structure formed with regions having different optical properties witrwespect to an 
incident radiation. More particularly, a patterned structure represents a grid having one or more cycles, each cycle 
being formed of at least two cfifferent locally adjacent stacks. Each stack is comprised of layers having different optical 
properties. 

15 [0003] Production of integrated circuits on semiconductor wafers requires maintaining tight control over the (S man- 
sions of small structures. Certain measuring techniques enable the local dimensions of a wafer to be measured with 
relatively high resolution, but at the expense of discontinued use of the wafer in production. For example, inspection 
using a scanning electron microscope gives measurements of the parameters of a patterned structure, but at the 
expense of cleaving it and thus excluding it from continued processing. Mass production of patterned structures such 

20 as wafers requires a nondestructive process for controlling thin film parameters in a manner enabling the local meas- 
urements to be performed. 

[0004] One kind of the conventional tecrwiiques for measuring thickness of thin films is disclosed in U.S. Patent No. 
4,999,014. The technique is based on the use of small spot size and large numerical aperture for measurements on 
smaB areas. Unfortunatery, in the case of a very small structure, this approach suffers from a common drawback asso- 

25 dated, on the one hand, with the use of a small spot-size and. on the other hand, owing to the large riumerical aperture, 
with the cofiectfon of Ngh Effraction orders. The term "small spot-size* signffies the spot rjameter similar in size to the 
line or space width of the measured structure, i.e. a tingle grid cycle. This leads to various problems, which are difficult 
to solve. Indeed, not all the stacks' layers are in the focus of an optical system used for collecting reflected light the opti- 
cal system being bulky and complicated. Detected signals are sensitive to small details of a grid profile and to small 

30 deviations in the spot placement Diffraction effects, which depend significantly on the grid profie and topography and 
therefore are difficult to model, have to be included in calculations. 

[0005] Another example of the conventional techniques of the kind specified is cisctosed in U.a Patent No. 
5.361 , 1 37 and relates to a method and an apparatus for measuring the subrrticron inewidths of a patterned structure. 
The measurements are performed on a so-cafled lest pattern" in the form of a diffraction grating, which is placed in a 
35 test area of the wafer. Here, as in most conventional systems, a rnorK>chromatic incident light rs employed and diffrac- 
tion patterns are produced and analyzed. However, a large number of test areas are used and also information on mul- 
tiple parameters cannot be obtained. 

[0006] According to some conventional techniques, for example that disclosed in U.S. Patent No. 5,087,121, por- 
tions with and witiout trenches are separately ffluminated with broactoand light the reflection spectrum is measured 
40 and correspond^ results are compared to each other with the result being the he^ or dep*hc* a structure. However, 
it is often the case that the structure under inspection is such that the drfferent portions cannc* be separately imaged. 
This is owing to an unavoidable limrtation associated with the diameter of a beam of incident radiation striking the struc- 
ture. 

[0007] The above approach utilizes frequency filtering to enable separation of interference signals from cfifferent 
46 layers. This is not feastole for layers of small thickness and small thickness difference because ol a irnrted number of 
reflection oscdlabons. 

[0008] Yet another example of tfie conventional technique for implementing depth measurements is dfeclosed in 
U.S. Patent No. 5.702,956. The method is based ontheuseofatestsrtethat represents a patterned structure similar 
to that of the water (ctrait site), but taken in an enlarged scale The test site is in the form of a plurafity of test areas 
so each located to fte space between two locally adjacent circuit areas. The test areas are designed so as to be large 
enough to have a terxii depth measured by an in-ine measuring tool. The measurements are performed by comparing 
trie paian>eters of <ffferert test areas assure 

the field such aselching and rjhotoresist development this assumption is incorrect and this method istiieretor inappli- 
cable. 

55 

SUMMARY OF THE INVENTION 

[0009] ftisarnajorob^ofthepresemirwerrtkxito disadvantages of the con- 
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ventional techniques and provide a novel method and system tor norxJestructive. non-contact measurements of the 
parameters of patterned structures. 

1001 0] It is a further object of the invention to provide such a method and system that enables the relatively small 
amount of information representative of the structure's conditions to be obtained and successfuBy processed tor carry- 
5 ing out the measurement^ even of very complicated structures. 

[0011] Accord ng to one aspect of the present invention, there is provided a method tor measuring at least one 
desired parameter of a patterned structure which comprises a grid having at least one cycte formed of at least two 
locally adjacent stocks having different optical properties in respect of an incident radiation, the structure having a plu- 
rality of features denned by a certain process of its manufacturing, the method comprising the steps of: 

w 

(a) providing an optical model based on at least some of said features of the structure and capable of determining 
theoretical data representative of photometric intensities of light components of different wavelengths specularly 
reflected from the structure and of calculating said at least one desired parameter of the structure; 

(b) illuminating a measurement area by an incident radiation of a preset substantially wide wavelength range, the 
is measurement area being substantially larger than a surface area of the structure defined by the grid cycle; 

(c) detecting SgN reflected from the illuminated part substantially at zero-order and obtaining measured data rep- 
resentative of photometric intensities of each wavelength within said wavelength range; 

(d) analyzing the measured and theoretical data for optimizing said optical model unta the theoretical data satisfies 
a predetermined condition; and 

20 (e) upon detecting that the predetermined condition is satisfied, calculating said at least one parameter of the struc- 
ture 

[0012] Thus, the main idea of the present invention consists of the following. A patterned structure, whose param- 
eters are to be measured, is manufactured by several sequential steps of a certain technotogpcal process completed 
25 prior to the measurements. Actual design-rule features can often be found in the structure in sets (eg. read lines in 
memories). The term 'design-rule features" signifies a predetermined set of the allowed pattern cimenstons used 
throughout fre wafer. Hence, information regarding the desired parameters can be obtained using super-micron tools 
such as a large spot focused on a set of lines. 

[001 3] The present invention, as distinct from the conventional approach, util izes a spectroprwtometer that receives 
so reflected light substantially from zero-order. The zero-order signal is not sensitive to small details of the grid profile of 
the structure such as edge rounding or local slopes. This enables the effects associated with cfffracted light not to be 
considered, and thereby the optical model, as well as the optical system, to be simplified. Moreover, the large spot-size 
enables large depth of focus that includes the whole depth of the structure to be measured. When the spot includes a 
number of grid cycles, then the measurement is insensitive to local defects, exact spot placement or focusing. 
95 [0014] In the case of wafers, each such element in the grid cycte consists of a stack of drfferent layers. The features 
of such a structure (wafer), which are dictated by the manufacturing process and should be considered by tt*e optical 
model, may be representative of the following known effects: 

- specular reflection from the different stacks within the grid cycle; 
40 - interference of reflected light from layers within each stack 

• cSsspation within transparent stacte due to cavity-tike geometry formed in the grid-like structure; 

• specular contributions due to width of stacks relative to the wavelength; 

- polarization due to the incident beam interaction with a conductive grid-W® structure, if present 

- effects due to imrted coherence of ilkarwration; 

46 - interference between light beams reflected from each stack within the grid cycle, taking nto account the above 
effects. 

[0015] The conh button of each of the above effects into fte theoretical data are estimated in accordance with the 
known physical laws. 

so [0016] The optica model, being based on some of me features, actualy requires 

considered in order to perform precise calculations of the desired parameters. If information of all the features is not 
avaflabto and the model cannot be optimized prior to ttie measurements, this is done by means of a so-calted initial 
"learning" step. More specrficafty, there are some optical model factors which, on the one hand, depend variably on all 
the features and. on the other hand, define the contribution of each of the existing optical effects into the detected sig- 

ss nal. Trie values of these optical model factors are adjusted atong with the unknown desired parameters during the 
learning step so as to satisfy the predetermined condition. The latter ts typically in the form <jf a n>erittorKtion defining 
a so-called 'goodness of fit" between the measured and theoretical data. The resulting optical model factors can con- 
sequently be used n conjunction with known features to enable precise calculations of the desired parameters of the 
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structure. 

[0017] Preferably, the measurement area is the part of the structure to be measured. Attemativery, the measure- 
ment area is located on a test pattern representative of the actual structure to be measured, namety having the same 
design rules and layer stacks. The need for such a test pattern may be caused by on of the foBowing two reasons: 

5 

1) H the measurement area is not substantially smaller than the available surtace area def ined by the actual struc- 
ture to be measured, then the test site is implemented so as to include an extended structure; 

2) If the structure is very complicated or consists of ambiguous under-layer structure, then the test site is imple- 
mented with the same geometry as that of the actual structure to be measured, but with a simplified under-layer 

to design, thus allowing simplified measurements of the top layers. 

[001 8] According to another aspect of the present invention, there is provided an apparatus for measuring at least 
one desired parameter of a patterned structure that represents a grid having at least one grid cycle formed of at least 
two locally adjacent elements having Different optical properties in respect of an incident radiation, the structure having 
is a plurality of features defined by a certain process of fe manufacture 

a spectrophotometer iBuminating a measurement area by an incident raxfation of a preset substantia^ wide wave- 
length range and detecting a specular reflection fight component of light reflected from the measurement area for 
providing measured data representative of photometric intensities of detected light within said wavelength range, 
wherein the measurement area is substantially larger than a surface area of the structure defined by the grid cycle; 
and 

a processor unit coupled to the spectrophotometer, the processor unit comprising a pattern recognition software 
and a translation means so as to be responsive to said measured data and locate measurements, the processor 
being adapted for 

applying an optical model based on at least some of said features of the structure for proving theoretical data 
representative of photometric intensities of fight specularly reflected from the structure within said wavelength 
range and calculating said at least one desired parameter, and 

comparing said measured and theoretical data and detecting whether the theoretical data satisfies a predeter- 
mined condition. 

[001 91 Preferably, the spectrophotometer is provided with an aperture stop accornmodaled in the optical path of the 
specular reflected light component. The tfameter of the aperture stop is set automatically according to the grid cycle of 
the measured structure 

55 [0020] Preferably, the incident radiation and the reflected fight received by the detector are olrected along substarv 
tiaiy specular reflection axes. 

[0021] More particularly, the invention is concerned with measuring heighUdepth and width dimensions on semi- 
conductor wafers and is therefore described below with respect to this application. 

40 BRIEF DESCRIPTION OF THE DRAWINGS 

[0022] In order to understand trtein\>entio^ ernbocfiment 
will now be described, by way of norHimrting example onty, with reference to the accompanying drawings, in which: 

Figs. 1 a and 1 b are, respectively, schematic cross-sectional and top views of one kind of a patterned structure to 
be measured; Hg. 2 schematicaSy illustrates the main components of an apparatus according to the invention for 
measuring the parameters of a patterned structure; ^ 
Fig. 3 is a g/aphical liustration of the main principles of the present invention, showing the relationship between 
measured and theoretical data obtained by the apparatus of Rg. 2; 

Fig. 4 illustrates yet another example of a patterned structure to be measured with the apparatus of fig. 3; 
Flgs.5aarKJ5binustraleaflowo5ag/amofthe main steps of a method acconfng to the invention; and 
Figs. 6 to 10 are schematic cross-sectional views of five more examples of patterned structures suitable to be 
inspected by the apparatus of Rg. 2. 

55 DETAILED DESCRIPTION OF A PREFERRED EMBODIMENT 

[0023] Referring to Rgs. 1a and 1b, there are party illustrated a cross-section and atop view, respectively, of a grid- 
ifce water structure, generally designated 10, whose parameters are to be measured. The structure is formed of a plu- 
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ralrty of cells, generally at 12, each constituting a grid cycle. Only three accent cells 12 are demonstrated in the 
present example with only two stacks (or elements) in each cell in order to simpMy the ilustration. Thus, the ceB 12 com- 
prises two stacks 12a and 12b formed of different layers. Mor specifically, the stack 12a includes six layers l^-Le, 
wherein the layers L, and Lj and the lay er l* form two layers 1^ and 1^, respectively, of the stack 12b. As known in 
the conventional semiconductor devices, semiconductor structures such as sources, drains and gate electrodes, 
capacitors, etc. are formed in and on a semiconductor substrate (layer L,) typically made of silicon material and includ- 
ing metal conductors (e.g. aluminum). The substrate is coated by an insulating silicon oxide compound (layer Lj). The 
first level metal layer U (and the single level in the present example) is formed, being interposed between top and bot- 
tom barrier layer L3 and L5 made of titanium nitride (TIN). Deposition coating of an uppermost insulating silicon oxide 
layer L* and subsequent chemical mechanical polishing (CMP), consisting of thinning the uppermost layer L*. com- 
pletes the manufacturing. The construction of such a structure and method of its rranutactumg are known per se and 
therefore need not be more specifically described. 

[0024] According to this specie example, the parameters to be measured are the widths W 1 and W 2 of the stacks 
12a and 12b and depths di and 0^ of the uppermost sifcon oxide layers Lg and respectively. It is appreciated that 
any other parameters of the patterned structure such as, for example, materials and their optical properties, can be 
measured.Reference is now made to Fig. 2 llustrating a system, generally designated 14. suitable for crying out the 
measurements. The system 14 may represent one of the working stations of a production ine (not shown), the wafers 
1 0 progressing between upstream and downstream stations of the production ine. The system 14 comprises a support 
frame 1 6 for holding the structure 1 0 within an inspection plane, a spectrophotometer 18 and a processor unit 20 con- 
nected thereto. The spectrophotometer 1 8 typically includes a light source 22 for generating a beam of light 24 of a pre- 
determined wavelength range, light greeting optics 26 and a detector unit 28. The light (frecting optics 26 are typically 
in the form of a beam deflector exxnprising an objective lens 30, a beam splitter 32 and a mirror 34. T he det ector unit 
28 typically comprises an imaging lens 36, a variable aperture stop 38 coupled to and operated by its motor 40 and a 
spectrophotometric detector 42. The constr u ction and operation of the spectrophotometer 18 may be of any known 
kind, for example, such as dfectosed in U.S. Patent No. 5.517,312 assigned to the assignee of the present appfication. 
Therefore, the spectrophotometer 18 need not be more specif cafly described, except to note the following. 
[0025] The Tight beam 24 passes tfirough tie Bght directing optics 26 and inrpinges onto the structure 10 at a cer- 
tain location defining a measurement area S* Light component 44 specularly reflected from the reflective regions within 
the area Si is directed onto the detector unit 28. 

[0026] It should be noted that generally, the illuminated location of the structure may be larger than the measure- 
mart area S< . in which case suitable optics are provided for capturing, in a conventional manner. Ight reflected solely 
from the part (area Si) within the (Ruminated location. In other words, the measurement area being of interest is 
included into a spot-size provided by the light beam 24 when impinging onto the structure 10. In order to facilitate under- 
standing, assume that the illuminated area defined by the diameter of the incident beam constitutes the measurement 
area Si. 

[0027] The light directing optics 26 and detector unit 28 are designed such that only a zero-order fight component 
of fight reflected from the structure 1 0 is sensed by the spectrophotorretric detector 42. The construction is such that 
the incident and detected light beams are directed substantially parallel to each other and substantialy perpendcuter 
to the surface of the structure 1 0. The diameter of tfie aperture stop 38 is variable and is set automatically according to 
the grid cycle of tfie measured structure. Generally speaking, the diameter of the aperture stop is optimized to collect 
the maximum reflected intensity exdufing diffraction orders. 

[0028] Adcfitionafiy, the olameter of the incident beam 24, defining the measurement area Si , is substantially larger 
than the surface area Sq defined by the cefi 12. that is: 



S!>St 

Accorcfing to this specific example, the patterned structure 10 is a so-called "on^mensionar structure. As dearly 
seen in Fig. 1 b. the stacks 1 2a and 1 2b are afigned along the X-axis, whBe atong the Y-axis the stacks continue to infin- 
ity (uniform structure) with respect to tie measurement area Si . In other words, the measurement arqa St includes a 
structure that has one or more grid cycles extending along the X-axis and is uniform along the Y-axis. 
[0029] The whole surface areaS of the structure under inspection shouW be substantial 
ment area St defined by the diameter of the incident beam. 



S>Si 
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[0030] The case may be such that the above conditions are not available in the structure 10. For example, the struc- 
ture may contain a single grid cycle. To this end, the measurement area &| consisting of more than one cell 12 should 
be located on a test-site (not shown). 

5 [0031 ] For example, if the system 1 4 provides the numerical aperture of 0.2 and spot-diameter (measurement area 
$0 about 15um, the minimum surface area S of a test-site should be 20um NovaScan 210 spectrophotometer, com- 
mercially available from Nova Measuring Instruments Ltd., Israel, may be used in the system 14. 
[0032] The spectrophotometer 18 measures the photometric intensities of different wavelengths contained in the 
detected, zero-order tight component of the reflected beam 44. This is graphically illustrated in Fig. 3, being shown as 

10 a dashed curve D m constituting the measured data. The processor unit 20 comprises a pattern recognition software 
and a translation means so as to be responsive to the measured data and locate measurements. It is preixogrammed 
by a certain optica! model based on at least some features of the structure for calculating theoretically the photometric 
intensities of fight of Afferent wavelengths reflected from a patterned structure. This is shown in Fig. 3 as a solid curve 
DY constituting theoretical data 

is [0033] tn order to design the optical model capable of estimating aR the possfcle optical effects, which are dictated 
by the features of the structure to be measured and affect the resulting data, the folowing should be considered. 
[0034] Generally, total specular reflection R from the grid-like structure is formed of a coherent part and an 
incoherent part /? /nooh . It is known that coherence effects play an essential role in the measurements when a wide 
bandwidth radiation is used. The coherence length L of light in the optical system is determined by the radiation source 

20 and by the optical system (spectrophotometer) Hseff. Reflection amplitudes from structure's features smaller than the 
coherence length interact coherently; producing thereby interference effects between light reflected by different stacks 
of the cefl. For larger features, a non-negligee portion of fight reflected by c&ffererrt slacks undergoes incoherent inter- 
action without producing interference. The coherence length L defines a mutual coherence v of light coming from 
points separated by half a cycle of the grid structure, and, consequently, defines the degree of coherence y, that is: 

25 

LmDX 

30 2-1 



35 



c 

wherein D is a variable parameter determined experimentally for the actual optical system and stack structure based 
on the measured reflection spectra (measured data) for grids of varied cycle dimensions; J f is a known Bessel function. 
An approximate initial input for the determination of the parameter 0 may be given by nominal optical system charac- 
40 tertstics. Hence, the total specular reflection R is given: 

R-T*Rcoh+0-Y)* R incoh 

[0035] kn order to estimate the possfcle optical effects affecting the above parts of the total reflected signal, the fol- 
46 lowing main factors should be considered, being exemplified with respect to the patterned structure 10 (Figs. 1a and 
1b): 

1) Riling factors <x 7 and a 2 : 
so [0036] 
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These factors represent the zero-order contrtoution, which is based only on the ratio of the areas of stacks 1 2a and 1 2b t 
respectively, in the reflection calculation. The zero-order signal is not sensitive to small details of the grid profile of the 
structure 10 such as edge rounding or local slopes. Therefore, the effects associated with diffracted light tnay not be 
considered. 

2) Size coupling factors Cj and c 2 : 

[0037] When the width of the stack is close to the wavelength, the f Bing factors a t and a 2 should be corrected for 
reducing the coupling of the ixxient radiation to the respective stack To this end. so-called 'coupling factors* c, and 
c 2 should be introduced to the filing factors a f aid a* respectively. The couping factor gives a negfigWe effect when 
to width of the stack is relatively large relative to the wavelength and negates the interaction completely when the stack 
width is much smafler than the wavelength. Using a heuristic exponential function to give this dependence, to coupling 
factors are as follows: 



wherein X is the wavelength of a respective Bght component; A is a variable factor depending on the dimensions and 
materials of the structure and is determined experimentally for the actual stack structure, as will be descnbed further 
below. 

3) Dissipation b 7 in cavity-tike structures: 

[0038] It is often the case that one of the stacks is essentialy dissipative owing to geometrical effects reducing 
reflection which effects typicaly tate effects are high aspect- 

ratio trenches and wavefluttng underneath metal grid-ike structures. High aspect-ratio structures are characterized 
by a cfissipaiive effect that d^ reflected back out with phase impad. For axarnple^ multiple 

reftectiora in deep grooves 

The above effects are relatively strong for deep geometry and relatively weak for shallow structures (relative to the 
wavelength). Using a heuristic exponential func^ to give this deper^ 






wherein B is a variable size parameter, which is determined experimentally for the actual stack structure; d 2 is tfi 
depm of the cavity^ike part of the stack. Here, by w^ 
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[0039] In order to mode) the corrected filling factors, it is assumed that Bght radiation not reflected from a certain 
cell's stack from coupSng considerations is essentiafiy reflected by other cell's stacks)- The dissipation factor t> 2 is 
taken into account in the reduced effective filling factor of the geometrically cfisspative area. Hence, the corrected fifing 
factors are 86 found: 

5 

>4 1 =a 1 * c,+ a 2 • (1-c 2 ) 
>* 2 »( a 2 #c 2 +a i # (1*c 1 ))-&2 

10 4) Polarization factors, representing the contribution of polarization effects that may take place in the case of metafile 
grids: 

[0040] When the width of a cell's stack is dose to the wavelength, a corrective factor should be introduced for reduc- 
ing the coupling of the incident TE radiation to the respective stack owing to boundary conditions at the edges of metal 
15 lines. The polarization factor gives a negSgiWe effect when the width of the stack is large relative to the wavelength and 
negates the reflection completely when the stack width is much smaller than the wavelength. Hence, the polarization 
factors Pi and p 2 are given: 

wherein C is a variable parameter determined experimentally for the actual stack structure, ft is appreciated that in the 
absence of a pattern formed of metal lines, the optical factor C is equal to zero 
so [dOtl ] Similarly, in order to model the corrected filing factors, it is assumed that fight radiation not reflected from a 
certain ceirs stack from polarization considerations is essentialy reflected by other cell's stack(s). Hence, the corrected 
filling factors are as found: 

•p l +a 2 '( 1 — c z*Pd 

35 

*2=(a 2 • C 2 *P2+a2 • (1— C, • PO • b 2 

[0042] The intensity of a reflected signal r(X) from each stack is calculated using layer thickness information and 
material optical parameters (constituting known features). To this end, standard equations for reflection from muttMay- 
40 ered stacks are used, based on Freene! coefficients for reflection and transmission at interfaces as a function of wave- 
length for perpendicular incidence. The thickness for each layer is either known (being provided by the user) or 
calculated internally by the program. The materials of the layers and. therefore, their optical parameters, such as refrac- 
tion incfices and absorption, are known or calculated. 

[0043] In view of the above and considering that both the coherent and incoherent parts contain oxrtributions from 
46 two polarizations 

(eg. Jl^^+JJ^X 

so 

the total reflection R ccristrtuting the theoretical data obtained by the optical model, is given: 
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10 



15 



*y + Kr a>„ +hr -a** +w* -^Y-t- 



wherein r, and r 2 are the amplitudes of reflection from first and second stacks, respectively, of the cell, that is stacks 
12a and 12b in the present example 

[0044] Other effects known in common practice {such as lateral reflection, roughness, etc.) have been found to 
have a negligible contrfoution under the defined concfitions and are accounted for by the a^ustment of the parameters 
A 0, Cand D. Turning back to Rg. 3, there is clearly aiustrated that the curves D M and D, do not coincide, that is the 
theoretical data does not exactly match the measured data. A suitable merit function is used for determining the good- 
ness of fit of the obtained resurts. By setting the values of the optical model parameters A , B, C and D the optical model 
is defined By fitting the values of the desired parameters, eg. W* W 2 . ch and da. the theoretical data is optimized untrt 
the goodness of fit reaches a certain desired value (constituting a required concfition). Upon detecting that the optimzed 
theoretical data satisfies the required condition, the desired parameters of the structure, i.e. the W 1 , W 2 6^ and da are 

20 calculated from the above equations. ( 

(00451 It should be notedthat in the most general <^ when the grid cydecompr^ 

different elements (eg., stacks), the above optical model is still correct. The mutual coherence V is as follows: 

wherein / is the Hh element (stack} in the grid cycle; n is the total number of elements within the grid cycle, and L is 
30 the coherence length. For the main factors on which the above optical model is based, we have: 

- Filling factor 



a, «- 



40 



Coupfing factor 



50 

Dissipation factor 

d 

55 J.'CXPH. ~p 
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wherein m is the number of a dsapative element of the n stacks; d m is the depth of the cavity-lite part of the stack in 
relation to the neighboring stacks. For a non-dissipative stack, fc n = 1, wherein rfm. 



15 



20 



25 



30 



Polarization factor 



^=exp{-C-A } 



Corrected filling factor 



4 'A + £tf y <l-VP,)l 

ML/-) 



[0046] In view of the above, the total reflection is as follows: 



[0047] Referring to Rg. 4, there is illustrated a part of a so-called "twcnfirnensionar structure 100, i.e. a structure 
periodical in both X- and Y-axes. This structure 1 00 is characterized by a plurality of grid cycles aligned along both the 
X- and Y-axes. The cycle aligned along the X-axis is formed of a pair of elements Wi and W 2 (the stacks' widths), and 
35 the cycle aBgned along the Y-axis is formed of a pair of elements Gi and G 2 (the stacte' lengths). For example, the ele- 
ments Gi and Gj maybe, respectively, a metal layer stack and a block of Inter Layer Dielectric (ILD) stack. The meas- 
urement area Si defined by the ciameier of the incident beam indudes at least one cycle in X-direction and at least one 
cyde in Y-direction (several cycles in the present example). 

[0048] Generally speaking, the cycle in either X- or Y-axis may be composed of several elements (e.g., stacks). If 
40 the measurement area St is smaller than the surface area defined by the grid cycle along one of the axes X or Y. the 
total reflection (theoretical data) is determined in the manner descnbed above with respect to the one-dimensional 
structure 10 (Figs. 1aand 1b). If the measurement area is larger than the surface area defined by the grid cycle along 
both X- and Y-axes, then for the total reflection f^o of such a 2D-structure we have: 



46 



SO 



55 



wherein and Rq2 are the intensifies of reflection signals from the two orwJimensional structures aligned along the 
Y-axis and having the widths Gi and G2, respectively, ft should be noted that the Y-axis is no more than a notation, Le. 
has no physical significance, and can be exchanged with the X-axis. For the general case of * elements in the cycle 
aligned along the Y-axis, we have: 
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M 



wherein Rqj and G { are the reflection intensity from and widh of the /-th element 

[0049] in general, the axis location for calculating the reflection intensities Rq, is chosen so as to satisfy the Mow- 
ing: 

K the above condition is not satisfied, than the two axes are €KChanged.accordingly. 

[0050] The main principles of a method according to the invention wifl now be described with reference to figs. 5a 
and 5& The structure of the required measurement area is examined (step 46) so as to determine whether the above 
measurement area condition is satisfied within the existing pattern (step 48). H this condition is not satisfied, a test-site 
structure satisfying the condition is designed on the reticle (step 50). the test-site being typically provided within a so- 
called "margin region". . . 
[0061] Then, an initial learning mode of operation is performed, generally at step 52. The learning mode 6 aimed, 
on the one hand, at providing the measured data and. on the other hand, at optimizing the optical model. During the 
learning mode, the system 14 operates in the manner described above for detecting liojrt reflected from the fflummated 
area substantially at zeroorder and obtaining the measured data in the for m 0* photometric intensities of each wave- 
length within the wavelength range of the incident radiation (step 54). Concurrently, the processor 20 applies the above 
optical model lor obtaining the theoretical data (step 56) and compares it to the measured data (step 58). The optical 
model is based on some known features of the structure and nominal values of unknown features (Le. of the dewed 
parameters to be measured) which are provided by the user. At this stage, the relation between the theoretical data and 
the measured data is compared to a certain condition (step 62). H the concftion is satisfied then, correct val ues c* t he 
parameters 4, S. C and Dare calculated (step 64) and an optimized optical model is obtained (step 66). If the contfition 
is not satisfied then the optical model factors*, 0, C and D and the unknown features are adjusted (step 60) until the 
conoftion is satisfied. It should be noted, although not specifically illustrated, that at this initial learning stage, the 
desired parameters can be calculated. 

(00523 Thereafter the measurement mode of operation is performed, generally at step 68. To this end, the meas- 
ured and theoretical data are concurrently produced (steps 70 and 72, respectively). It is appreciated that the theoreti- 
cal data now produced is based on the known parameters of the structure, previously calculated correct values of the 
optical factors A t B, C and D and on the rx>mmal values of the desired parameters to be measured Similarly, the opti- 
mized theoretical date is compared to the measured data so as to determine whether or not the theoretical data satis- 
fies a required condHfcn (step 74). ag. the goodness of fit is of a desired value. H so. the desired parameters are 
calculated (step 76) and if not the desired parameters are adjusted (step 78) until the theoretical data substantially 
matcte the measured data. It desired, the measurement mode (step 68) is then repeated for inspecting a further loca- 
tion on the structure 10 (step 80). 

[006?] Referring to Rgs. 6 and 7, there are illustrated in a serf-explanatory manner two examples of patterned 
structures, designated llOand 210, respectively, which can be inspected in the above descrtoed manner by the system 
14. Each of the structures 110 end 210 consists of cefts 112 and 212. respectively, each cefl including two stacks 
formed of dfferent User* The pararneterc to be measured h theses 
sist tayer on top of the aluminum and the depth of the etched area (Air) wm^ 

[0054] Referrirxj to Rgs. 8 and 9. there are itustrated two more example of patterned structures, designated 31 0 
and 410, respectively, whose parameters can be measured in accordance with the invention. Here, the parameters to 
be measured are, respectively, the width and thickness of an aluminum layer on top of the slcon oxide and the remain- 
tng thickness of the metallc layer on the siconewcte layer undergo^ 

[0055] It is approbated that polarization effects are present in the structures 31 0 and 41 0 due to the existence of 
patterned meted in both structures, whte being weak in the structwes 110 and 2ia 

[0096] Fig. 10 Bustrates a patterned structure 510 utftzing copper under and between any two Spa-based layers 
known as tntertay* Dielectric (lLD) insulating layer. CMP process applied to such a copper-based structure 510typi- 
cafiy results in copper loss portions, generally at P„ a soodled "dishing- effort. This effect is assoc^^ 
erbes of copper (e^.. sorter nature as compared to other metals) and the chemical nature of the copper-based CMP 
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process. The parameters to be measured are the depths 6^ and d 2 of. respectively, the uppermost ILD insulating layer 
and the dishing-associated portion P,. In certain cases, depending on the layer stacks, the metal thickness can be 
determined (d 1 -d 2 ). 

[0057] Those skflled in the art will reacfily appreciate that many rnodrfications and changes may be applied to the 
invention as hereinbefore exemplified without departing from its scope defined in and by the appended claims. For 
example, the patterned structure may comprise any other number of cells, each cell being formed of any other number 
of stacks. In the method claims that fotow, characters, which are used to designate claim steps, are provided fa con- 
venience only and do not apply any particular order of performing the steps. 



Claims 



1 . A method for measuring at least one desired parameter of a patterned structure (10, 100, 110, 210, 310. 41 0. 510) 
which represents a grid having at least one cycle (12) formed of at least two locally adjacent elements (12a, 12b) 
having different optical properties in respect of an incident radiation, the structure having a plurality of features 
defined by a certain process of its manufacturing, the method comprising the steps of: 

a) provxSng an optical model, based on at least some of said features of the structure and capable of deter- 
mining theoretical data (DJ representative of photometric intensities of light components of different wave- 
lengths specularly reflected from the structure and of calculating said at least one desired parameter of the 
structure; 

b) illuminating a measurement area (SJ by an incident radiation of a preset substantially wide wavelength 
range, the measurement area (SJ being substantially larger than a surface area of Ihe structure defined by the 
grid cycle; 

c) detecting igfit component substantially specularly reflected from the measurement area (SJ and obtaining 
measured data (DJ representative of photometric intensities of each wavelength within said wavelength 
range; 

d) analyzing the measured data and the theoretical data and optimizing said optical model until said theoretical 
data satisfies a predetermined concfition; and 

e) upon detecting that the predetermined condition is satisfied, calculating said at least one parameter of the 
structure 

2. The method accorcfing to Claim 1, wherein said at least some features of the structure on which the optical model 
is based are available prior to measurements. 

3. The method according to Claim 1, wherein said at 

is based comprises nominal values of said desired parameters to be measured. 

4. The method according to Claim 1 , wherein said at least some features of the structure on which the optical model 
is based comprises materials forming each of said at least two elements. 

5. The method according to Claim 1 , wherein the step of providing the optical model comprises the step of: estimating 
known optical effects, that may be produced in the structure in response to the incident racfiation. and contrfoution 
ol said optical effects into the detected light component 

6. The method accord ng to Claim 1 , wherein each of said at least two elements is a stack including layers having dif- 
ferent optica) properties. 

7. The method according to Claim 5, wherein each of said at least two elements is a stack including layers having dif- 
ferent optical properties, and said estimating comprises: 

i. estimating a specular reflection within the grid cycle associated with the width of stacks relafve to the wave- 
length of the incident racSation and with dissipation in the stacks having a geometry *at reduces reflection due 
to cavity-fike structures; 

ii. estimating interference in transparent layers within each stack and between light beams reflected from each 
stack within the $rid cyde. 

Hi. estimating polarization associated with the interaction of the rodent radiation wflh patterned corxfcjctive lay- 
ers of the grid-like structur ; 

iv. esti ma ting effects associated with coherence length of illumination. 
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8. The method according to Claim 1 , wherein said analyzing comprises the step of: 

compamg the theoretical data with the measured data and providing data incficatrve of the relationship 
between the measured and theoretical data. 

9. The method according to Claim 1 , wherein said optimizing comprises the steps of: 

adjusting certain variable factors of the optical model until the theoretical data satisfies the predetermined con- 
dition and obtaining correct values of the optical model factors. 

10. The method according to Claim 9. wherein said certain variable factors of the optical model define contrftxitions of 
known optical effects into the detected light component. 

1 1 . The method according to Claim 1 , wherein said predetermined condition represents a merit function defining a cer- 
tain value of a goodness of fit between the measured and theoretical data. 

12. The method according to Claim 1, wherein said optimizing comprises the step of 

adjusting said at least one desired parameter until the theoretical data satisfies the predetermine condition. 

13. The method according to Claim 1, wherein the measurement area is a part of the structure to be measured. 

1 4. The method according to Claim 1 , wherein the measurement area is located on a test site representing a test pat- 
tern similar to that of the structure, the test pattern having the same design rules and layer stacks. 

15. The method accorcfing to Claim 1, wherein said theoretical data is detemw 



wherein r f and r 2 are the amplitudes of reflection signal from the two elements, respectively; A 1pt A 18 and A^ A& 
are fifing factors corrected in accordance with effects of size-coupfing cfissipation in a cavity-like structure and s- 
and p-polarizations associated with the two elements, respectively; ytea degree of coherence. 

16. The method accordng to Claim 1 , wherein said theoretical data is determined accortSng to the Wtowing equation: 



wherein r, is the amplitude of reflection signal from l-th element in said at least one cycle; and A& are filing 
factors corrected in accordance wtm effects of dissipation in a cavity-like structure and s- and p^>olarizHtions asso- 
ciated with the i-th element in said at least one cycle, respecfively; t is a degree of coherence 

17. The method according to Claim 1 , wherein said structure comprises at least one adoitional cyde termed of at least 
two different localy adjacent elements aligned along an axis perpendicular to an axis of alignment of the elements 
of said at least one cyde 

18. The metriod according to Claim 17. wherein said theoretical data is deters equation: 




+ k * w • *ys •*» ♦ W ' Al 4 lj r 
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wherein Rqj and G, are the reflection intensity from and width of the tth element k is the total nurh&er of elements. 

19. The method according to Claim 1 , wherein said at least one desired parameter to be measured is a width of at least 
one of said at least two locally adjacent elements in the grid cycle. 

20. The method according to Claim 6, wherein said at least one desired parameter to be measured is a width of at least 
one of said at least two locally adjacent elements in the grid cycle. 

21. The method according to Claim 6, wherein said at least one desired parameter to be measured is a depth of at least 

one layer of said at least one stack. 

22. "Hie method according to Claim 6, wherein said at least one desired parameter to be measured is a depth of a 
metal-loss portion resulting from a chemical mechanical polishing applied to said structure. 

23. An apparatus for measuring at least one desired parameter of a patterned structure (10, 100, 110, 210, 310, 410. 
510) that represents a grid having at least one grid cycle (12) formed of at least two locally acfacent elements (12a, 
1 2b) having different optical properties in respect of an incident racSation, the structure having a pturafity off features 
defined by a certain process of its manufacturing the apparatus comprising: 

a spectrophotometer (14) illurninatirtg a measurement area (S^ by an incident radiation of a preset substan- 
tially wide wavelength range and detecting a specular reflection ight component of fight reflected from the 
measurement area ($i) for providing measured data (Dm) representative of photometr i c intensities of detected 
light within said wavelength range, wherein the measurement area (Sj) is substantial larger than a surface 
area of the structure defined by the grid cycle; and 

a processor unit (20) coupled to the spectrophotometer, the processor unit comprising a pattern recognition 
software and a translation means so as to be responsive to said measured data and locate measurements, the 
processor being adapted for 

applying an optical model based on at least some of said features of the structure tor providing theoretical 
data (D$ representative of photometric intensities of light specularly reflected from fte structure within said 
wavelength range and calculating said at least one desired parameter, and 

comparing said measured and theoretical data and detecting whether the theoretical data satisfies a pre- 
determined condfoon. 

24. The apparatus accord ng to Claim 23, wherein said spectrophotometer comprises a spectiophotomeU i c detector 
(42) and a variable aperture stop (38) located in the optical path of fight reaching the detector, the olameter of the 
aperture stop being variable in accordance with the grid cycle of the measured structure. 

25. The apparatus according to Claim 23, wherein said measurement area is located within the patterned area of said 
structure. 

26. The apparatus according to Claim 23, wherein said measurement are is located within a test site located outside 
the patterned area of said structure. 

27. The apparatus according to Claim 23. wherein said theoretical data is determined according to the following equa- 
tion: 
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wherein r 1 and r 2 are the amplitudes of reflection signal from the two elements, respectively; A 1pt A igt and 4$,, 
A u are filing factors corrected in accordance with effects of size coupSng and dissipation in a cavity-fike structure 
and s- and p-polarizations associated with the two elements, respectively; y is a degree of coherence 

28. The apparatus accorcfing to Oaim 23. wherein said theoretical data is determined according to the following equa- 
tion: 



wherein r, is the amplitude of reflection signal from l-th element in said at least one cycle; A fp and 4* are filing 
factors corrected in accordance with effects of size cooping and dissipation in a cavity-like structure and s- and p- 
polarizafions associated with the i-th element in said at least one cyde, respectively; y is a degree of coherence. 

29. The apparatus accordng to Oaim 29, wherein said theoretical data is determined according to the following equa- 
tion: 



wherein Rq, and Gj are the reflection intensity from and width of tr»/-thefemert; Iris the total nu^ 

30. The apparatus according to Oaim 23, wherein said structure comprises at least one adcftionaJ cyde formed of at 
least two different locally atifacent elements aligned along an axis perpencficular to an axis of alignment of the ele- 
ments of said at least one cyde. 

31. Tne apparatus aaxjrdr^ 
different optical properties. 

32. The apparatus accordfcig to Claim 23, wtierein said at lea* one desired pa^ 
Wj) of at least one d said at least to 

33. The apparatus according to Cteim 31. wherein said at least one desired parameter to be measure^ is a width (W 1( 
Wj) of at least one of said at least two tocafly adjacent elements in the gnd cyde. 

34. The apparatus accordmg to Claim 31, wherein said at least one desired parameter to be measured is a depth (d 1t 
dj) of at least one layer of said at least one stack. 

35. The apparatus accorcfing to Cteim 31 , wherein said at least one desired parameter to be measured is a depth (cy 
of a metal-loss portion (PJ resulting from a criemical mechanical poSshing applied to said structure. 
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FIG.3 
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